during the growth and proliferation of cells. To explore the expression of MT in somatic cells undergoing growth (hypertrophy) in the kidney in situ, we measured the rates of transcription of the genes for MT-l and MT-Z, measured the levels of mRNA for MT-l and MT-Z, and measured the concentration of MT-l and MT-2 protein in samples of renal (and hepatic) tissue from uninephrectomized (NPX) and sham-operated (SO) rats 15 days after surgery. The rates of transcription of the genes for MT-l and MT-2 were found to be enhanced significantly in the remnant renal mass, particularly in the cortex and outer stripe of the outer medulla, and in the liver, after uninephrectomy and after 15 days allowing for compensatory renal growth. Increased accumulation of mRNA for MT-l and MT-2 also occurred in the cortex and outer stripe of the outer medulla of the remnant kidney and in the liver in the NPX rats. Increased concentration of MT-1 and MT-2 protein (measured by radioimmunoassay), at the level of the whole kidney, renal cortex, and liver, was another feature detected in rats after uninephrectomy and 15 days of compensatory renal growth. These findings indicate that compensatory renal growth in response to uninephrectomy is associated with the induction of the expression of MT genes in the renal cortex and outer stripe of the outer medulla, as well as in the liver. Because the changes in renal MT metabolism were restricted to zones of the kidney containing segments of the proximal tubule, it is likely that some of the increased transcriptional and translational activity is occurring in the hypertrophied cells of proximal tubules.
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Enhanced transcription of metallothionein genes in rat kidney: effect of uninephrectomy and compensatory renal growth. Am. J. Physiol. 268 (Renal Fluid Electrolyte Physiol. 37): F643-F650,1995.-Metallothioneins (MTs) have been implicated in the intracellular regulation of essential metals in eukaryotic cells, and increased expression of MT genes has been demonstrated during the growth and proliferation of cells. To explore the expression of MT in somatic cells undergoing growth (hypertrophy) in the kidney in situ, we measured the rates of transcription of the genes for MT-l and MT-Z, measured the levels of mRNA for MT-l and MT-Z, and measured the concentration of MT-l and MT-2 protein in samples of renal (and hepatic) tissue from uninephrectomized (NPX) and sham-operated (SO) rats 15 days after surgery. The rates of transcription of the genes for MT-l and MT-2 were found to be enhanced significantly in the remnant renal mass, particularly in the cortex and outer stripe of the outer medulla, and in the liver, after uninephrectomy and after 15 days allowing for compensatory renal growth. Increased accumulation of mRNA for MT-l and MT-2 also occurred in the cortex and outer stripe of the outer medulla of the remnant kidney and in the liver in the NPX rats. Increased concentration of MT-1 and MT-2 protein (measured by radioimmunoassay), at the level of the whole kidney, renal cortex, and liver, was another feature detected in rats after uninephrectomy and 15 days of compensatory renal growth. These findings indicate that compensatory renal growth in response to uninephrectomy is associated with the induction of the expression of MT genes in the renal cortex and outer stripe of the outer medulla, as well as in the liver. Because the changes in renal MT metabolism were restricted to zones of the kidney containing segments of the proximal tubule, it is likely that some of the increased transcriptional and translational activity is occurring in the hypertrophied cells of proximal tubules.
energetics in various segments of the nephron (21, 28, 45,49). One change that occurs as a result of compensatory renal growth, which we feel is of particular importance and interest, relates to the capacity of the remaining renal mass to synthesize a group of small metal-binding proteins, known collectively as metallothioneins (MTs). Recently, we discovered that the renal capacity to synthesize MTs in response to treatment with either zinc or inorganic mercury was greater in unilaterally nephrectomized [uninephrectomized (NPX)] rats than in shamoperated rats (46, 47 The regulation of synthesis and metabolism of the MTs in various types of cells is gaining significant interest in various fields of study, particularly in medicine. These metal-binding proteins are known to be involved in intracellular metal metabolism and resistance to the toxic effects of heavy metals (12, 14) . They are encoded by a family of genes in rodents (single copies of MT-l, MT-2, and MT-3 genes), their synthesis is induced by heavy metals and a variety of other agents (13, 26), and th ey h ave been implicated as mediators of resistance to many toxic events, including oxidative stress (41) and chemical intoxication (15, 19) . MTs are also developmentally regulated in visceral and parietal yolk sac (2,35), placental and decidual cells (6), and liver (2) in both rodents and humans, and display marked differences in cellular localization (cytoplasmic vs. nuclear) during development (33, 38) and in human tumors (3, 16, 34). Interestingly, MTs may also be cell-cycle regulated (42) and/or proliferation dependent (27). The complex pattern of inducing signals for the expression of MT genes and the potential of MTs to play a multifunctional role in essential metal homeostasis and resistance to toxic events suggest that MTs may be important in physiological events other than those involved solely with exposure to exogenous heavy metals. COMPENSATORY RENAL GROWTH is a remarkable process Although it is well established that the synthesis of that occurs after there has been a significant reduction MTs can be altered in a number of organs by changing in the number of functioning nephrons. Unlike the the extracellular, and subsequent intracellular, concenhyperplasia that accompanies a reduction in the mass of trations of certain metals (such as zinc, copper, cadthe liver, compensatory renal growth is characterized mium, and mercury), very little is known about other mainly by a hypertrophic response in certain epithelial factors that regulate the synthesis of these proteins in cells along the nephron and collecting duct. It has been renal epithelial cells. Our initial findings tend to indicate estimated that cellular hypertrophy accounts for most of that some component(s) of compensatory renal growth the increase in renal mass that occurs after a uninephreccauses an upregulation in the synthesis of MTs in the tomy (20, 28). Part of compensatory renal growth kidneys. However, it is not clear what factors or mechainvolves numerous changes in cellular metabolism and nisms are responsible for this upregulation. One explanation for the increased renal capacity to synthesize MTs after uninephrectomy and compensatory renal growth (46, 47) is that the rates of transcription of the MT genes are increased as a result of compensatory renal growth. This would seem logical, inasmuch as various aspects of cellular metabolism in numerous renal epithelial cells are upregulated to handle the increased workload imposed on the remaining functioning nephrons. Thus the principal aim of the present study is to test the hypothesis that the concentration of MTs, the concentration of mRNA for MTs, and the rates of transcription of MT genes increase in the remaining renal mass of rats after uninephrectomy and compensatory renal growth.
MATERIALS AND METHODS
Animals and groups. Male Sprague-Dawley rats, weighing g, were used in two sets of experiments in the present study. In this paper, the first and second sets of experiments will be referred to as experiments 1 and 2, respectively. In each experiment, one group of NPX rats and one group of shamoperated (SO) rats were used. All animals were allowed free access to food and water before and after surgery.
Surgery. Before surgery, each animal was anesthetized by injecting a 50 mg/kg ip dose of pentobarbital sodium. Uninephrectomy was performed by first making a 2.5cm flank incision on the right side of the body with a no. 11 scalpel blade, beginning at the erector spinae muscles and continuing along the angle of the 12th rib. The incision was made through the skin and underlying fascia. Subsequently, the abdominal muscles were incised along the same plane as the skin was cut to expose the retroperitoneal region where the right kidney is situated. With blunt dissection, the right kidney was exteriorized from the animal, and the right renal blood vessels and right ureter were ligated simultaneously with sterile 2.0 silk suture. The right kidney was then excised distal to the ligature with a pair of surgical scissors. The abdominal muscles were sewn together with sterile 4.0 silk suture, and the opposite ends of the incised skin and fascia were brought back together in place using 9.0-mm sterile wound clips. For the sham operations, the same operative protocol was performed, except that the right renal vessels and ureter were not ligated and the right kidney was not excised.
Design. After surgery was performed on a set of animals, they were placed individually in plastic metabolic cages for 14 days to allow for the recovery from surgery and to allow for the completion of the rapid phase of compensatory renal growth, which is normally completed in the rat by the end of the first week after surgery. On the morning of the 15th day after surgery, experiments were begun. Prior to each experiment, the animals were weighed. They were then anesthetized deeply with 100 mg/kg injected (ip) dose of pentobarbital sodium. Once the animals were anesthetized, their kidney(s) and liver were removed and weighed quickly. Subsequently, samples of tissue were obtained for various analytical procedures.
In experiment 1, the effects of uninephrectomy and compensatory renal growth on the renal concentration of mRNA for MTs were evaluated. In this experiment, one-half of the left kidney, samples of renal cortex, outer stripe of the outer medulla and combined inner stripe of the outer medulla and papilla, and liver were obtained from both the NPX and SO rats (n = 6 in each group) on the morning of the 15th day after surgery. After the samples were obtained, they were first weighed, and then they were frozen and stored at -70°C until the time of analysis. The concentration of total RNA (mg/g wet wt) and the concentration of mRNA for metallothionein-1 (MT-l) and metallothionein-2 (MT-2), relative to the concentration of 18s rRNA, were measured in the samples.
In experiment 2, we determined whether the rates. of transcription of the genes for the MTs in renal tissue are affected significantly by uninephrectomy and compensatory renal growth. In this experiment, one-half of the left kidney, samples of renal cortex, outer stripe of the outer medulla and combined inner stripe of the outer medulla and papilla, and liver were also obtained from the NPX and SO rats (n = 5 in each group) on the morning of the 15th day after surgery. As in experiment 1, the concentration of total RNA was measured in each sample. In addition, the rates of transcription of the genes for the MTs relative to rates of transcription of the gene for p-actin were determined in all the samples. This was accomplished by run-on transcription assays from isolated nuclei from the samples. Furthermore, the combined concentrations of MT-l and MT-2 were determined in the samples of one-half of the left kidney, renal cortex, and liver.
As a positive control experiment, the effects of treatment with a single subcutaneous 1.0 mg/kg dose of cadmium (in the form of cadmium chloride) on the transcription of the genes for MT-l and MT-2 in the kidney and liver were evaluated in normal animals. Run-on transcription assays were performed on samples of renal and hepatic tissues obtained from a group of rats injected with cadmium chloride and a group of rats injected with normal saline 6 h after injection.
Isolation and measurement of total RNA from tissues. Total RNA from preweighed samples of tissue (wet) was isolated by a standard guanidinium isothiocyanate/hot phenol method (39). The yield of RNA from each sample was assessed by ultraviolet absorbance, assuming that A 260 = 1 OD unit at a concentration of single-stranded RNA of 40 kg/ml (39). Isolated RNA was stored at -70°C for later evaluation of the relative concentrations mRNAs for MT-l and MT-2. Data for concentration of total RNA in the samples of tissue are expressed as milligrams of total RNA per gram wet weight of tissue.
Evaluation of relative concentrations of mRNAs for MT-l and MT-Z in tissues. Isolated RNA was subjected to electrophoresis through denaturing 1.4% formaldehyde gels followed by transfer to Hybond nylon paper (Amersham) using the method described by the manufacturer.
Northern blots were hybridized to a 32P-labeled genomic MT-l + MT-2 sequence (6.1 kb) that cross-hybridizes to both rat MT-l and MT-2 mRNA (1) under standard stringency conditions (39). The degree of hybridization was determined by densitometric analysis as described previously (19). The bound probe was then stripped, and a control 18s rRNA probe (4) was rehybridized to the same blot to allow comparative quantitation of MT mRNA and 1% rRNA. In each sample, the relative amount of mRNA for the MTs was expressed as the ratio of the amount of mRNA for MT-l + MT-2 to the amount of 18s rRNA. These data indicate only the relative levels, and not the absolute levels, of mRNA for the MTs in the samples.
Measurements of MT-l and MT-2 gene run-on transcription rates. "Run-on" transcription of the genes for the MTs and p-actin was measured in isolated nuclei from the samples of renal and hepatic tissue obtained from NPX and SO rats as described previously (17). Briefly, nuclei were isolated from the samples of tissue by the method of Mulvihill and Palmiter (32) , stored at -70°C in 40% glycerol, and used within l-2 days of isolation. Nuclei were allowed to incorporate [(x-32P]UTP (New England Nuclear Research Products-Du Pont; 800 Ci/ mmol, 40 mCi/ml) into nascent RNA strands by a modification (17) of the procedure of McKnight and Palmiter (29): 300 ~1 of nuclei (containing 250-300 pg DNA) were transcribed in the presence of 300 FCi of radiolabeled UTP. The resulting radiolabeled RNA was isolated under conditions that utilized F645 deoxyribonuclease I digestion and was hybridized to unlabeled DNA immobilized on discs made of nitrocellulose. Two hybridization chambers, one with two times the added radiolabeled RNA, were prepared for each sample. Each hybridization reaction (40 ~1) contained 1) four discs with an unlabeled 36-mer oligonucleotide probe complementary to a 3' region of both MT-l and MT-2 that would hybridize to both MT-l and MT-2,2) four discs with immobilized p-actin cDNA (2.1 kb in pBR322) (31), and 3) two blank nitrocellulose discs to allow measurement of background binding. The slope of a graph of "input counts/min (cpm)" (a measure of total cellular transcription) vs. "cpm hybridized"
for the MT and p-actin genes allowed assessment of the relative rate of transcription of MT-l and MT-2 genes against minimal variation in background hybridization.
Data represent the mean of measurements from four discs 2 SE for MT and actin genes. . Measurement of MT-l and MT-2 protein. The amount of MT protein in samples of tissue was measured, in triplicate, by solid-phase radioimmunoassay as described previously (25) using a rabbit polyclonal antiserum to rat MT-2 (which has equal affinity for human MT-l and MT-2 isoforms). Briefly, samples of renal and hepatic tissues were homogenized in four volumes of 0.25 M sucrose and centrifuged at 20,000 g for 10 min at 4°C. The supernatants were first heated to 70°C for 10 min to precipitate heat-denaturable proteins, then cooled on ice, and centrifuged at 20,000 g for 20 min at 4°C. The amount of MT-l plus MT-2 protein in the supernatant was expressed relative to total soluble cellular protein estimated using a modification of the method of Bradford (5).
15th day after surgery. The weights of the kidney(s) and liver obtained from these animals are also presented in Table 1 .
No significant difference was found in body weight or the weight of the liver between the NPX and SO rats in experiment 1. By contrast, the remnant left kidney in the NPX rats was significantly greater in mass than the corresponding left kidney in the SO rats, which indicates that compensatory renal growth had occurred in the NPX rats (45-48).
A small but significant difference in body weight was found between the NPX and SO rats used in experiment 2. The body weight of the NPX rats was greater than that of the SO rats. The weight of the remnant left kidney in the NPX rats was significantly greater in mass than the corresponding left kidney in the SO rats. To ensure that the increase in the mass of the left kidney in the NPX rats was not related to a larger body mass, statistical analysis of the ratio of the mass of the left kidney (in g) to the mass of the body (in g) was carried out. The analysis revealed that the mass of the left kidney, relative to body mass, was significantly greater in the NPX rats than in the SO rats, thus confirming that compensatory renal growth had occurred in the NPX rats.
Statistics. All values are presented as means t SE. Differences between the mean for the NPX rats and the mean for the SO rats for any of the parameters measured in experiments 1 and 2 of the present study were evaluated statistically using the unpaired t-test for two independent samples. However, prior to performing the t-test, Levene's test for homogeneity of variance and the Kolmogerov-Smirnoff test for normality were performed to ensure that the conditions for using a parametric statistical analysis were met. In cases where data were expressed as a ratio, the raw data scores were first transformed using the arcsine transformation prior to running the t-test. Using this transformation normalizes percent or ratio data scores, which typically do not fit a Gaussian distribution.
In all analyses, where P < 0.05, it was regarded to be statistically significant.
The level of significance for all the analyses performed in the present study was chosen a priori.
Effect of uninephrectomy on renal and hepatic concentrations of total RNA. The concentrations (mg/g tissue) of total RNA in the renal cortex and outer stripe of the outer medulla were significantly greater in the NPX rats than in the SO rats 15 days after surgery (Table 2 ). There were, however, no significant differences in the concentrations of total RNA in the renal inner stripe of the outer medulla and papilla. Additionally, the concentrations of total RNA in the liver were not significantly different between the two groups of rats (Table 2) .
RESULTS
As in experiment 1, the concentrations (mg/g tissue) of total RNA in the renal cortex and outer stripe of the outer medulla were significantly greater in the NPX rats than in the SO rats 15 days after surgery (Table 2) . By contrast, there were no significant differences in the concentrations of total RNA in the renal inner stripe of the outer medulla and papilla and liver between the two groups of rats (Table 2) . Effect of uninephrectomy on weights of kidney(s) and Effect of uninephrectomy on relative levels of mRNA Liver. Table 1 presents the body weights of the NPX and for MTs in kidney and liver. At the level of the whole SO rats for experiments 1 and 2 on the morning of the kidney, the ratio of the concentration of mRNA for the MTs to the concentration of 18s rRNA was significantly greater ( N 3-fold) in the NPX rats than in the SO rats 15 days after surgery ( Figs. 1 and 2 ). This increase was apparently due to an increase in the ratio of the concentration of the two RNAs in the renal cortex and outer stripe of the outer medulla (Fig. lB) concentration of the two RNAs in these two zones of the kidney was significantly greater in the NPX rats than in the SO rats. The greatest difference in the ratio of the concentration of the two RNAs between the NPX and SO rats was detected in the renal outer stripe of the outer medulla. No significant difference was detected in the ratio of the concentration of the two RNAs in the inner stripe of the outer medulla and papilla. The ratio of the concentration of mRNA for the MTs to the concentration of 1% rRNA was also significantly greater in the liver of NPX rats relative to that in the liver of the SO rats.
Effect of uninephrectomy on renal and hepatic concentrations of MT-1 and MT-2. The concentrations of MT-l plus MT-2 in the left kidney and samples of renal cortex were significantly greater in the NPX rats than in the SO rats 15 days after surgery (Table 3 ). We also found that the hepatic concentration of MT-l plus MT-2 was significantly greater in the NPX rats than in the SO rats. It should be mentioned that there was an insufficient amount of tissue from the renal outer stripe of the outer medulla and combined inner stripe of the outer medulla plus papilla to measure the concentrations of MTs. To minimize the confounding effects of variation in background hybridization and efficiency of hybridization between the samples of radiolabeled mRNA generated by run-on transcription in isolated nuclei, the rates sham-operated (SO) rat and one representative uninephrectomized (NPX) rat 15 days after surgery. Lanes 1: one-half kidney from SO rat; 2: one-half kidney from NPX rat; 3: sample of renal cortex from SO rat; 4: Sample of renal cortex from NPX rat; 5: sample of renal outer stripe of outer medulla from SO rat; 6: sample of renal outer stripe of outer medulla from NPX rat; 7: sample of inner stripe of outer medulla plus papilla from SO rat; 8: sample of inner stripe of outer medulla plus papilla from NPX rat. Same blot was hybridized to a MT-l and MT-2 probe, stripped, and rehybridized to an 18s rRNA probe as described in MATERIALS AND METHODS. In experiment 2, animals were used to evaluate effect of uninephrectomy on rates of synthesis of mRNA for MT relative to rates of synthesis of mRNA for p-actin in renal and hepatic tissues. *P < 0.05, significantly different from mean for corresponding group of SO rats treated identically.
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of transcription of the genes for MT and P-actin were expressed as the slope of "input cpm" (total RNA radiolabeled during 30 min of run-on transcription)
vs. "cpm hybridized" (Fig. 3, Ref. 17) .
The rates of transcription of the genes for MT-l and MT-2, relative to the transcription of the gene for p-actin, were significantly greater in the remnant left kidney of the NPX rats than in the left kidney of the SO rats 15 days after surgery (Fig. 4 ). This increase at the level of the whole kidney reflects an increase in the relative rates of transcription of the genes for the two MTs in the renal cortex and outer stripe of the outer medulla only (Fig. 4B) . No significant differences in the relative rates of transcription of the genes for the MTs in the inner stripe of the outer medulla and papilla were b OI , 1 I I I , , detected between the NPX and SO rats. The relative rates of transcription of the genes for the MTs in the liver were also significantly greater in the NPX rats than in the SO rats (Fig. 4A) .
Effect of treatment with cadmium on rates of transcription of genes for MT-l and MT-2 in kidney and liver.
Relative rates of transcription of the genes for the MTs in the kidney and liver were also significantly greater in the kidneys and liver of rats treated with cadmium than in the rats treated with saline (Fig. 5) , confirming the findings of Durnam and Palmiter (7) that cadmium is a good inducer of transcription of genes for the MTs. These data also allow one to assess the magnitude of the rates of transcription of the MT genes after uninephrectomy and compensatory renal growth relative to the rates of transcription induced by a potent, wellcharacterized, inducer of transcription of these genes.
DISCUSSION
After renal mass in mammals is reduced significantly, the remaining renal tissue undergoes a form of growth characterized mainly by cellular hypertrophy in certain cell types along the nephron and collecting duct (9, 28, Values are means -t SE. *Significantly different from corresponding mean for rats injected with normal saline.
45, 49). Numerous changes in cellular metabolism appear to be associated with the hypertrophy that occurs in certain cell types in the remnant kidney (9, 28). One area of renal cellular metabolism shown to change significantly as a result of compensatory renal growth is that pertaining to the regulation and synthesis of intracellular thiols, such as glutathione (GSH) and the MTs. Change in the metabolism of intracellular thiols during and after compensatory renal growth has important implications for the role of thiols in homeostatic function of renal epithelial cells.
In a recent study, the concentration of GSH in the kidney, specifically in the cortex and outer stripe of the outer medulla, was shown to increase significantly in rats after uninephrectomy and compensatory renal growth (48). A more recent study using isolated proximal tubular and distal tubular cells from NPX rats indicates that the increased synthesis of GSH in the remnant kidney is related to ox due to increased synthesis of the enzyme y-glutamylcysteine synthetase, which is the rate limiting enzyme in the synthesis of GSH (22). It is not yet known whether there is a significant change in the cellular content of the mRNA for y-glutamylcysteine synthetase after compensatory renal growth has occurred.
It should be pointed out that cellular hypertrophy that occurs after renal mass is reduced significantly is associated with marked changes in renal cellular RNA metabolism. During the first few hours after uninephrectomy in mice, nonpolyadenylated mRNA increases by 25% in the contralateral kidney (37). Some undefined (30, 36) and defined (c-myc and c-fos; Ref. 44) mRNAs increase in the remaining renal tissue for days following a reduction of renal mass. Although a considerable amount of information has been gathered on the effects of a reduction of renal mass and compensatory renal growth on the structural and functional characteristics of cells lining certain segments of the nephron, very little is known about the alterations in the metabolism of specific mRNAs induced during and after compensatory renal growth.
Evidence from recent studies (46, 47) indicate that intracellular metabolism of the MTs also changes as a result of compensatory renal growth. The findings from these studies indicate that the renal capacity to synthesize MTs after exposure to zinc or inorganic mercury is increased significantly in rats that have undergone a uninephrectomy and compensatory renal growth. It was not clear from these studies, however, what effect uninephrectomy and compensatory renal growth alone had on renal cellular metabolism of MT. Thus the primary aim of the present study was to evaluate the effect of uninephrectomy and compensatory renal growth on the basal metabolism of the MTs and the mRNAs for the MTs.
In the present study, the remnant left kidney of NPX rats was significantly greater in mass than the left kidney in corresponding SO rats 15 days after surgery, indicating that compensatory renal growth had occurred in the NPX animals. The concentration of total RNA in the renal cortex and outer stripe of the outer medulla increased significantly after uninephrectomy and 15 days of compensatory renal growth, which is consistent with cellular hypertrophy occurring in the remnant kidney of the NPX rats. It should be pointed out, however, that significant changes in the concentration of total RNA were not detected in the inner stripe of the outer medulla or papilla 15 days after uninephrectomy. This indicates that alterations in RNA metabolism are not uniform throughout the remnant kidney. The enhanced levels of total RNA in the renal cortex and outer stripe of the outer medulla probably reflect both cellular hypertrophy and increased cellular metabolism required to deal with the increased imposed work load in these zones of the kidney.
We also found that there is a significant increase in the concentration of immunologically detectable MT-l and/or MT-2 at the level of the entire kidney and renal cortex in rats after uninephrectomy and compensatory renal growth. The increased concentration of MT protein can be explained by an increase in the renal cellular content of MT-l and MT-2 mRNA relative to 18s rRNA. Moreover, the findings from the present study indicate that increased transcription of the genes for MT-l and MT-2 is responsible, in part, for the increased renal cellular content of MT-l and MT-2 in the renal cortex and outer stripe of the outer medulla that occurs after uninephrectomy and compensatory renal growth. Compensatory renal growth did not have a significant effect on the rates of transcription of the genes for MT-1 and MT-2 or the levels of mRNA for MT-l and MT-2 in the renal inner stripe of the outer medulla and papilla.
As mentioned above, most of the upregulation in the metabolism of MTs occurred in the renal cortex and outer stripe of the outer medulla in the NPX rats used in the present study. Because segments of the proximal tubule are located exclusively in these two zones of the kidney and since the proximal tubule is known to UNINEPHRECTOMY AND RENAL MT GENE TRANSCRIPTION F649 undergo profound structural and functional changes after renal mass is reduced significantly (9, 10, 21, 22, ZS), one can speculate that most of the upregulation in the transcription of the genes for MT and the translation of the mRNA for MT-l and MT-2 occurred along the three segments of the proximal tubule.
Interestingly, transcription of the genes for MT-l and MT-2 were also enhanced in the liver after uninephrectomy and compensatory renal growth. The enhanced transcription of the genes for the MTs in the liver was unlikely due to surgical stress, which is known to induce hepatic MT (26). One reason for this notion is that the SO rats were also treated surgically, and there was an absence of enhanced induction of MT gene activity in the liver or kidneys of these animals (compared with untreated control rats). Another reason is that 2 wk of recovery from surgery was allowed, which permitted dissipation of the immediate stress from surgery. It should also be pointed out that, during the 2 wk of recovery, wound healing appeared to be completed in both NPX and SO rats. On the other hand, the synthesis of MTs can be coinduced by a wide range of events (along with heat-shock proteins and hemoxygenase, for example) accompanying stress (12) . It is possible that the loss of renal tissue results in systemic changes (increased levels of metals in the blood, induction of certain hormones, and others) that induce stress and increased transcription of MT-l and MT-2 genes and increased accumulation of MT-l and MT-2 in hepatocytes. Changes of this sort may be important in predicting the functional health in organs other than the kidney after renal mass has been reduced significantly. )
The complex developmental regulation and wide range of inducing agents for the MT genes and proteins in eukaryotic cells suggests a basic homeostatic role(s) for the MTs in addition to a relatively simple function in detoxifying damaging metals (including copper, cadmium, mercury, and others). A function for the MTs in regulating the availability of essential metals to transcription factors (50, 51) and other metal-dependent proteins (18) has been suggested. It has been shown that one isoform of MT (MT-3) specifically inhibits growth of neuronal cells in culture (43). Moreover, it has been shown that metal-induced expression of MT genes (24) and downregulation of MTs by RNA antisense in human monocytes (23) profoundly affect induction of the respiratory burst in response to bacterial lipopolysaccharide, suggesting that the MTs may have a role in signal reception and processing in eukaryotic cells [reviewed by Koropatnick and Leibbrandt (IS)]. The observation that the expression of MT genes and protein also accompanies compensatory renal growth (a complex phenomenon that undoubtedly involves cell signaling and results in physiological changes distinct from poisoning with heavy metals) indicates a role for the MTs in mediating those events.
The role of upregulated metabolism of the MTs during compensatory renal growth remains undefined. It is of interest, however, that there is increased mitochondrial activity as a result of compensatory renal growth (8, 1 l), which could cause enhanced production of oxygen radicals. A role for the MTs in protecting against oxidant stress has been described recently (40). In fact, mammalian MTs can functionally substitute for yeast copper and zinc superoxide dismutase (41). Thus the MTs could play a role in both protection from oxidant stress and/or the homeostasis of essential metal metabolism associated with cellular growth. Another possibility is that, as a result of a diminution in the renal clearance of metals, there is an increase in the plasma levels of metals that can induce the synthesis of the MTs in the kidney and liver. In summary, uninephrectomy followed by 15 days of compensatory renal growth causes the renal concentration-of MT-1 and MT-2 to increase significantly.
In association with this increase, there is an increase in the concentration of the mRNA for MT-l and MT-2 relative to 18s rRNA in the renal cortex and outer stripe of the outer medulla. Furthermore, the increased relative concentration of mRNA for MT-l and MT-2 is due to enhanced transcription of the genes for MT-l and MT-2.
